MicroRNAs have been implicated as having important roles in stem cell biology. MicroRNA-9 (miR-9) is expressed specifically in neurogenic areas of the brain and may be involved in neural stem cell self-renewal and differentiation. We showed previously that the nuclear receptor TLX is an essential regulator of neural stem cell self-renewal. Here we show that miR-9 suppresses TLX expression to negatively regulate neural stem cell proliferation and accelerate neural differentiation. Introducing a TLX expression vector that is not prone to miR-9 regulation rescued miR-9-induced proliferation deficiency and inhibited precocious differentiation. In utero electroporation of miR-9 in embryonic brains led to premature differentiation and outward migration of the transfected neural stem cells. Moreover, TLX represses expression of the miR-9 pri-miRNA. By forming a negative regulatory loop with TLX, miR-9 provides a model for controlling the balance between neural stem cell proliferation and differentiation.
One of the most important issues in stem cell biology is to understand the molecular mechanisms underlying stem cell self-renewal and differentiation. Neural stem cells are a subset of undifferentiated precursors that retain the ability to proliferate and self-renew and have the capacity to give rise to both neuronal and glial lineages [1] [2] [3] [4] . Although the functional properties of neural stem cells have been studied extensively, how their self-renewal and differentiation is regulated is not completely understood.
Accumulating evidence indicates that both transcriptional and post-transcriptional regulation mechanisms are important for regulating genes essential for neural stem cell self-renewal and neurogenesis. miRNAs are a recently identified large family of 20-22-nucleotide noncoding RNAs involved in numerous cellular processes, including development, proliferation and differentiation 5, 6 . Thus, miRNAs are potentially key post-transcriptional regulators in stem cell self-renewal and differentiation. Distinct sets of miRNAs have been shown to be specifically expressed in embryonic stem cells 7, 8 . Loss of Dicer1 causes embryonic lethality and loss of stem cell populations 9, 10 . Argonaute family members, key components of the RNA-induced silencing complex (RISC), are required for maintaining germline stem cells in various species 11 . These observations together support a role for miRNAs in stem cell biology. Several brain-specific miRNAs have recently been identified. Among these miRNAs, miR-9 is expressed specifically in neurogenic regions of the brain during neural development and in adulthood [12] [13] [14] [15] . Whether miR-9 has a role in neural stem cell self-renewal and differentiation remains to be determined.
We have shown that TLX is an essential regulator of neural stem cell self-renewal 16 . TLX maintains adult neural stem cells in an undifferentiated and self-renewable state, in part through transcriptional repression of its downstream target genes, encoding p21 and phosphatase and tensin homolog (Pten), by complexing with histone deacetylases 17 . Recently, TLX-positive neural stem cells have been shown to have a role in spatial learning and memory 18 . In addition to its function in adult brains, TLX is also involved in neural development by regulating cell-cycle progression in neural stem cells of the developing brain [19] [20] [21] . TLX is therefore a key regulator that acts to establish the undifferentiated and self-renewable state of neural stem cells, although aspects of its regulation are enigmatic.
Here we demonstrate that miR-9 suppresses TLX expression through the 3¢ untranslated region (UTR) of TLX mRNA, which, in turn, regulates neural stem cell proliferation and differentiation. Increased expression of miR-9 led to reduced mouse neural stem cell proliferation and accelerated neural differentiation, whereas antisense knockdown of miR-9 led to increased neural stem cell proliferation. Introducing a TLX expression vector lacking the endogenous TLX 3¢ UTR rescued proliferation deficiency induced by miR-9 overexpression and reversed miR-9-promoted precocious differentiation. These results suggest that miR-9 regulates neural stem cell proliferation and differentiation, at least in part, through targeting TLX mRNA via its 3¢ UTR. In utero electroporation of miR-9 into ventricular zone neural stem cells in embryonic mouse brains triggered premature differentiation and outward migration of the transfected cells, similar to that induced by electroporation of the TLX small interfering RNA (siRNA) 21 . Furthermore, TLX binds to the 3¢ genomic sequences of miR-9-1 to inhibit its expression. MiR-9 and TLX thus form a feedback loop to regulate the switch between neural stem cell proliferation and differentiation.
RESULTS

MiR-9 represses TLX expression by targeting its 3¢ UTR
We hypothesized that TLX is targeted by miRNAs to regulate its expression. Using the miRanda (http://www.microrna.org) 22 and TargetScan (http://genes.mit.edu/targetscan) 23 algorithms, miR-9 was predicted to have a target site in the TLX 3¢ UTR. This target site is conserved in human, mouse, dog and chicken TLX ( Supplementary  Fig. 1a online). As TLX is specifically expressed in vertebrate forebrains and is an essential regulator of neural stem cell self-renewal, we first asked whether the candidate TLX-targeting miR-9 is expressed in the brain and, specifically, whether this miRNA is expressed in neural stem cells or in their differentiated progeny. Northern blotting revealed that miR-9 is expressed specifically in the brain (Supplementary Fig. 1b ), consistent with previous reports 12, 13, 24 . The size of the miRNA was as expected for the mature miR-9 (22 bp). MiR-9 is also expressed in neural stem cells (d0, Fig. 1a ). Notably, the expression of miR-9 is upregulated during neural differentiation ( Fig. 1a) , in contrast to the reduced expression of TLX ( Fig. 1b) .
To validate whether miR-9 targets TLX, we made a luciferase reporter construct with the mouse 1.4-kb TLX 3¢ UTR containing the predicted miR-9 target site and flanking sequences inserted into the 3¢ UTR of a Renilla luciferase reporter gene in a siCHECK vector. Increasing amounts of RNA duplexes of mature miR-9 were transfected into human embryonic kidney HEK 293 cells along with the corresponding reporter gene. We observed dose-dependent repression of the reporter gene in miR-9-treated cells (Fig. 1c) . In addition to the synthetic RNA duplexes, miR-9 was also expressed using a microRNA expression vector, MDH1-PGK-GFP2 (ref. 25) , into which we had cloned a 489-nucleotide (nt) miR-9-1 genomic sequence including the 89-nt miR-9 hairpin precursor and the 200-nt genomic sequence flanking each side of the precursor. The miR-9 expression vector repressed luciferase reporter gene activity ( Fig. 1d) , similarly to the miR-9 RNA duplexes ( Fig. 1c ), suggesting that miR-9 suppresses TLX expression through its 3¢ UTR. Base-pairing between the miRNA seed sequence and its target gene is needed for miRNA-mediated repression of the target mRNA 26, 27 . To test whether the predicted miR-9 target site in TLX 3¢ UTR is crucial for repression of TLX expression by miR-9, we introduced point mutations disrupting complementarity in the predicted miR-9 target site into TLX 3¢ UTR in the luciferase reporter construct. Mutation of the miR-9 target site abolished the repression by miR-9 ( Fig. 1e) . A miR-9 mutant with compensatory mutations repressed a luciferase reporter gene with a mutated TLX 3¢ UTR (Fig. 1e) . These results strongly suggest that miR-9 represses TLX expression through the predicted target site in TLX 3¢ UTR.
Next we tested whether miR-9 targets TLX in neural stem cells. We transfected mature miR-9 RNA duplexes into neural stem cells and examined TLX expression by western and northern blotting. TLX protein and mRNA levels were markedly reduced in miR-9transfected cells ( Fig. 1f,g) , indicating that miR-9 downregulates TLX expression.
MiR-9 regulates neural stem cell fate determination
To examine whether miR-9 regulates neural stem cell proliferation, we transfected neural stem cells with increasing concentrations of miR-9 RNA duplexes and measured cell proliferation by 5-bromodeoxy uridine (BrdU) labeling of dividing cells. Transfection of miR-9 led to dose-dependent inhibition of cell proliferation ( Fig. 2a,b ) with a minimal effect on cell death ( Supplementary Fig. 1c,d) . Accordingly, reduced expression of TLX and increased expression of p21, encoded by a target gene that is repressed by TLX 17 , was observed in miR-9transfected cells in a dose-dependent manner (Fig. 2c ). This gene expression profile is consistent with miR-9-induced inhibition of neural stem cell proliferation ( Fig. 2a,b ), suggesting that miR-9 negatively regulates neural stem cell proliferation, presumably through downregulation of TLX signaling.
To determine whether overexpression of miR-9 regulates neural stem cell differentiation, we transfected neural stem cells with miR-9 RNA duplexes and cultured them under varying conditions. As complete withdrawal of epidermal growth factor (EGF) and fibroblast growth factor (FGF) from the medium led to considerable cell death (data not shown), we cultured neural stem cells in N2-supplemented media with low EGF and FGF concentrations (1 ng ml -1 ), which allowed cell viability with minimal cell proliferation. Over a 7-d time course, no difference in neuronal and glial differentiation could be Figure 1 miR-9-directed repression of TLX expression. (a) miR-9 expression in adult mouse neural stem cells during a differentiation time course. Day 0 (d0) represents the undifferentiated neural stem cell state. U6 was included as a loading control. Relative miR-9 levels, normalized to U6 levels, are indicated under the blots, with the miR-9 level in d0 designated as 1.
(b) Western blot analysis of TLX expression in the same differentiation time course. GAPDH was included as a loading control. (c) miR-9-mediated repression of the luciferase reporter gene upstream of the TLX 3¢ UTR. The TLX 3¢ UTR reporter gene was co-transfected with increasing amounts of miR-9 RNA duplexes or control siRNA duplexes into HEK 293 cells. (d) Similar reporter assays were performed in cells transfected with the MDH1-PGK-GFP2 control vector (1) or the miR-9-1 expression vector (2) . (e) Mutation of the miR-9 target site in TLX 3¢ UTR abolished miR-9mediated repression. Luciferase reporter gene under the control of wild type (WT) or mutant (Mut) TLX 3¢ UTR was transfected along with control siRNA (C), a miR-9 mutant with mutations in the seed region complementary to the mutant TLX 3¢ UTR or wild-type miR-9 into HEK 293 cells. Error bars indicate s.d. (f,g) miR-9-mediated repression of TLX expression in neural stem cells revealed by western blot (f) and RT-PCR (g) analyses. A miR-9 mutant with mutations in the seed region was included as a control.
detected between control RNA and miR-9-transfected cells (data not shown), suggesting that overexpression of miR-9 alone is not sufficient to trigger neuronal or glial differentiation. However, when neural stem cells were induced for differentiation using forskolin or retinoic acid, transfection of miR-9 promoted both astroglial and neuronal differentiation, leading to an increase in the percentage of glial fibrillary acidic protein (GFAP)-positive astrocytes and Tuj1-positive neurons at day 3 of differentiation ( Fig. 2d,e ), mimicking day 5 of differentiation in control cells (data not shown). These results indicate that miR-9 accelerates differentiation of neural stem cells that have been primed for differentiation.
To determine whether the effect of miR-9 transfection on neural stem cell proliferation and differentiation is mediated through TLX, we stably transduced neural stem cells with a vector expressing a version of TLX lacking its 3¢ UTR (TLXD3¢ UTR). Transfection of miR-9 had no effect on the expression of TLXD3¢ UTR, although miR-9 downregulated endogenous TLX expression levels ( Fig. 3a) . Expression of TLXD3¢ UTR led to a 1.24-fold increase in neural stem cell proliferation. Co-transfection of TLXD3¢ UTR and miR-9 substantially reversed the proliferative deficiency induced by miR-9 (Fig. 3b,c) . Furthermore, whereas transfection of miR-9 increased astroglial differentiation in control neural stem cells, we detected no appreciable increase in astrocyte differentiation in TLXD3¢ UTR-transduced cells upon miR-9 treatment (Fig. 3d) . These results strongly suggest that miR-9 regulates neural stem cell proliferation and differentiation, at least in part, by inhibiting TLX expression through its 3¢ UTR.
We further investigated the role of miR-9 in neural stem cell proliferation using 2¢-O-methyl antisense RNA oligonucleotides as small RNA inhibitors 28, 29 . We synthesized 2¢-O-methyl antisense oligonucleotide against miR-9 and transfected it into neural stem cells, with 2¢-O-methyl antisense oligonucleotide against green fluorescent protein (GFP) included as a negative control. Treatment of antisense oligonucleotides against miR-9 led to substantial knockdown of miR-9 mature forms (Fig. 4a) . The expression of TLX was upregulated in miR-9 antisense RNA-treated neural stem cells, along with decreased expression of p21 (Fig. 4b) . BrdU-labeling analysis revealed that knockdown of miR-9 led to an increase in cell proliferation (1.37-fold, Fig. 4c,d) , consistent with enhanced cell proliferation in TLXD3¢ UTR-transduced neural stem cells (Fig. 3b,c) .
miR-9 stimulates neural differentiation in the brain During development, neural stem cells reside in the ventricular zone and migrate out into the cortical plate upon differentiation. To determine whether miR-9 influences neural stem cell proliferation and differentiation in vivo, we introduced miR-9 RNA duplexes into neural stem cells in the ventricular zone of mouse brains at embryonic day E13.5 by in utero electroporation. Electroporated brains were analyzed at E15.5. Cells that had taken up miR-9 were labeled green by coexpression of GFP. Transfection of miR-9 led to a marked decrease of cells that were positively labeled for Ki67, a proliferative marker (Fig. 5a) , and a substantial increase in the number of cells that migrated from the ventricular zone to the cortical plate (Fig. 5b,c) , suggesting that miR-9 negatively regulates neural stem cell proliferation and accelerates neural differentiation.
Immunostaining revealed that transfection of miR-9 led to decreased TLX expression ( Fig. 5d and Supplementary Fig. 2 online) . The miR-9-transfected cells that migrated to the cortical plate lost the neural progenitor marker nestin (Fig. 5d) . Instead, these cells expressed the neuronal marker double cortin (DCX, Fig. 5d ), indicating neuronal differentiation. In contrast, the control small RNA-transfected cells that remained in the ventricular zone were nestin-positive and lacked DCX expression ( Fig. 5d) . These results are similar to those obtained from in utero electroporation of a TLX siRNA 21 . Furthermore, in utero electroporation of TLXD3¢ UTR along with miR-9 rescued the precocious migration induced by miR-9 transfection ( Supplementary Fig. 3 online) . These results strongly suggest that miR-9 regulates neural stem cell differentiation through targeting TLX expression in vivo.
In addition to neuronal differentiation, we also examined whether miR-9 has a role in glial differentiation in vivo. Gliogenesis occurs from late embryonic stage through to the early postnatal stage 30 . We introduced miR-9 RNA duplexes into the ventricular zone of E14.5 brains by electroporation and analyzed glial differentiation at E17.5 by staining for GFAP. We detected increased GFAP staining in miR-9-transfected cells compared to that in miR-9 mutant-transfected cells ( Supplementary Fig. 4 online) , suggesting that miR-9 overexpression also promotes astroglial differentiation in vivo.
Regulation of miR-9 gene expression by TLX Three genes, miR-9-1, miR-9-2 and miR-9-3, encode miR-9 in the mouse genome. Both miR-9-1 and miR-9-2 are expressed in mammalian brains 14 , whereas miR-9-3 expression has not been detected in vertebrate brains 31 . To determine whether miR-9 gene expression is affected by TLX expression, we performed reversetranscription PCR (RT-PCR) to assess the expression levels of miR-9-1 and miR-9-2 pri-miRNAs in brains of wild-type and TLX-null mice. Notably, expression of both miR-9-1 and miR-9-2 pri-miRNAs was upregulated in brains of TLX-null mice (Fig. 6a ), suggesting that expression of miR-9 precursors can be repressed by TLX.
Sequence analysis revealed several consensus TLX binding sites in the flanking regions of the miR-9-1 (Fig. 6b) and miR-9-2 genes (data not shown). We used chromatin immunoprecipitation (ChIP) to further explore whether TLX regulates miR-9 expression by direct binding to miR-9 genomic sequences. MiR-9-1 was chosen for this analysis because it is induced more substantially in TLX-null brains (Fig. 6a) . We designed three pairs of primers for ChIP analysis, with one pair of primers covering both TLX binding sites 1 and 2 (TLX-1/ 2). The other two pairs of primers were designed for TLX binding sites 3 (TLX-3) and site 4 (TLX-4) individually. ChIP assays revealed that TLX binds to the consensus TLX binding sites, TLX-1/2 and TLX-3, that are downstream of miR-9-1 genes and upstream of a previously characterized REST binding site 32, 33 , whereas no binding was detected on TLX-4, which is downstream of the REST binding site (Fig. 6c) .
Consistent with TLX binding to miR-9-1 genomic sequences, we also detected the TLX-interacting transcriptional co-repressor HDAC5 on the TLX binding sites, TLX-1/2 and TLX-3, in the miR-9-1 genomic locus (Fig. 6d) . Furthermore, these sites are associated with the repressive chromatin marker, trimethylated histone H3 lysine 9 (H3K9me3), but are not associated with active chromatin markers, acetylated histone H3 (AcH3) and trimethylated histone H3 lysine 4 (H3K4me3) 34, 35 (Fig. 6d) .
To validate the regulation of miR-9-1 gene expression by TLX, we cloned the 1.2-kb miR-9-1 downstream genomic sequence that contains the consensus TLX binding sites, TLX-1/2 and TLX-3, and inserted it downstream of a Renilla luciferase reporter gene in the siCHECK vector. Co-transfection of TLX with the reporter gene in neural stem cells led to a 2.2-fold repression of the reporter activity (Fig. 6e) . Mutation of the TLX binding sites substantially relieved the repression mediated by TLX (Fig. 6e) . These results together suggest that TLX represses miR-9 expression by binding to the consensus TLX binding sites in the 3¢ genomic sequence of miR-9-1.
DISCUSSION
We show here that microRNA miR-9 and nuclear receptor TLX form a feedback regulatory loop to regulate neural stem cell proliferation and differentiation. TLX is highly expressed in neural stem cells but is repressed upon differentiation 16 ; in contrast, the level of the miR-9 mature form is increased upon differentiation 13, 24, 36 . The temporal relationship between miR-9 and TLX expression resembles that between miR-124 and its target genes lamc1, itgb1 and REST 32, 37, 38 . In both instances, when miRNA expression is low, the targets tend to be expressed at high levels. Conversely, the expression of these targets is downregulated as the miRNAs accumulate. These data support the hypothesis that miRNAs induced during differentiation function to ensure proper cell fate transitions by suppressing leftover stem cell maintenance transcripts in stem cells 39 .
This study demonstrates that miR-9 has an important role in neural stem cell proliferation and differentiation and that TLX is a key target of miR-9 in neural stem cells. Every miRNA could have multiple target genes 23, 26 and, indeed, several target genes have been predicted and some tested for miR-9, including those encoding the transcription factors REST, FoxG1, Senseless and Hairy/E(spl), and components of the FGF signaling pathway 32, 33, [40] [41] [42] . One of the questions addressed here is whether the cell proliferation and differentiation effect mediated by miR-9 in neural stem cells is directly related to repression of TLX expression. Transfection of miR-9 into neural stem cells that are stably transduced with a TLX-expressing vector lacking the 3¢ UTR showed that such ectopically expressed TLX rescued the proliferative deficiency induced by overexpression of miR-9 and compromised miR-9-induced precocious differentiation. The result of this rescue experiment suggests that miR-9 regulates neural stem cell proliferation and differentiation through repression of TLX expression. Although TLX is an important target gene of miR-9, other targets may also have a role in miR-9 function in neural stem cells.
Recent evidence suggests that miRNAs often act as fine-tuning devices rather than as primary gene regulators 43 . Consistent with this concept, we failed to induce neural differentiation by overexpressing miR-9 alone in cultured neural stem cells. Instead, we detected an accelerated differentiation program when differentiation of neural stem cells was induced in culture or in E13.5 brains, where active endogenous neurogenesis occurs. Furthermore, it has been suggested that inhibiting a miRNA may not generate a strong or even detectable phenotype, as expression of its target genes are already repressed at the transcriptional level, whereas overexpressing a miRNA in cells where its target genes are highly expressed may render the action of the miRNA more detectable 37 . In accordance with this theory, we failed to detect a change in cell differentiation in miR-9 antisense RNA-treated neural stem cells (data not shown). However, we were able to detect a precocious differentiation program upon miR-9 overexpression in neural stem cells that were primed for differentiation.
In addition to being a direct target of miR-9, TLX also transcriptionally inhibits miR-9 genes, suggesting a negative feedback loop between TLX and miR-9 that, perhaps, allow rapid transition from neural stem cells to differentiated cells. In neural stem cells, TLX is expressed at relatively high levels. During differentiation, as TLX levels decrease, miR-9 expression accumulates. In turn, miR-9 suppresses TLX expression post-transcriptionally to further promote neural differentiation. This regulatory loop may represent a key mechanism to sense the intricate balance between cell proliferation and Figure 6 Regulation of miR-9 pri-miRNA expression by TLX. (a) RT-PCR analysis of miR-9 pri-miRNAs, miR-9-1 and miR-9-2, in wild-type and TLX-null brains. GAPDH was included as a loading control. (b) Schematics of the miR-9-1 gene with consensus TLX binding sites (TLX-1/2, 3, 4) and REST-responsive element (RE). The numbers are relative to miR-9 hairpin precursor ending site. The locations of the PCR primers for ChIP assays are indicated by arrows. (c) ChIP assays show binding of TLX to the consensus TLX binding sites downstream of the miR-9-1 gene. (d) ChIP assays show binding of HDAC5 to TLX binding sites TLX-1/2 and TLX-3. The association of these sites with H3K9me3, but not with AcH3 and H3K4me3, was shown in the same assays. (e) TLX represses miR-9-1 reporter activity. Luciferase activity of the wild-type (WT) or mutant (MT) miR-9-1 reporter gene was measured in the absence (-) differentiation and to confer cell fate determination in a timely manner. Overall, our study suggests that the brain-specific miRNA miR-9 has a key role in vertebrate brain development. miR-9 provides a novel strategy to control neural stem cell fate determination by forming a feedback regulatory loop with TLX.
METHODS
Neural stem cell culture and differentiation. We isolated mouse neural stem cells from adult mouse forebrains using Percoll gradient as described 16 and cultured them in DMEM F12 medium with 1 mM L-glutamine, N2 supplement (Gibco-BRL), 20 ng ml -1 EGF, 20 ng ml -1 FGF2 and 50 ng ml -1 heparin for proliferation. For differentiation, we exposed neural stem cells to DMEM F12 media with N2 supplement, 5 mM forskolin and 0.5% (v/v) FBS or 1 mM retinoic acid and 0.5% (v/v) FBS. miR-9 expression vector and reporter construct. We amplified the miR-9-1 gene by PCR from the genomic locus of mouse miR-9-1, which contains the 89-nt hairpin sequence and 200 nt of genomic sequences flanking each side of it. We inserted the 489-nt DNA fragment into a miRNA expression vector, MDH1-PGK-GFP2, to generate the miR-9 expression construct. For the reporter construct, we subcloned DNA fragments encoding the mouse TLX 3¢ UTR (1,813 bp to 3,232 bp) into psiCHECK 2 (Promega) to make the TLX3¢ UTR-siCHECK construct. We created the mutant miR-9 target site by sitedirected mutagenesis in the TLX 3¢ UTR-siCHECK vector. We mutated the wild-type miR-9 binding site 5¢-AACCAAAG-3¢ to 5¢-TTGGTTTC-3¢. To make the miR-9-1 reporter construct, we inserted the mouse miR-9-1 downstream genomic sequence (1,340 bp to 2,546 bp downstream of the miR-9 hairpin structure), which contains the consensus TLX binding sites, TLX-1/2 and TLX-3, downstream of a Renilla luciferase reporter gene in the psiCHECK2 vector. The miR-9-1 mutant reporter construct has the consensus TLX binding site 5¢-AAGTCA-3¢ mutated to 5¢-AGATCA-¢3 at TLX-1/2 and TLX-3 sites by sequential site-directed mutagenesis.
BrdU labeling and immunostaining analysis. We seeded mouse neural stem cells at 1 Â 10 5 cells per ml in four-well chamber slides. We added BrdU to cells 48 h after seeding and pulsed for 1-2 h. The BrdU-treated cells were fixed and acid-treated, followed by immunostaining analysis with BrdU-specific antibody 16 . We performed immunostaining using antibodies to BrdU (Accurate; diluted 1:1,000), Ki67 (Thermo Scientific; 1:400), nestin (Pharmingen; 1:1000), Tuj1 (Covance; 1:6,000), DCX (Santa Cruz; 1:300) and GFAP (Advance Immuno; 1:500).
Transfection, western blotting and reporter assays. We transfected plasmid DNA or DNA-RNA mix using Transfectin (Bio-Rad). We transfected RNA duplexes using SilentFect (Bio-Rad). For 50 nM, 100 nM or 200 nM final concentration of miR-9, 0.5 ml, 1 ml or 2 ml of 50 mM RNA duplexes and 1 ml SilentFect were mixed in 50 ml media, incubated at room temperature (20-25 1C) for 20 min and added dropwise to cells in a 24-well plate with 450 ml medium to a total volume of 500 ml. The transfected cells were harvested 48 h after transfection and subjected to subsequent analyses. The wild-type miR-9 RNA duplex sense sequence is 5¢-ucu uug guu auc uag cug uau ga-3¢. The mutant miR-9 RNA duplex sense sequence is 5¢-uga aac caa auc uag cug uau ga-3¢. We carried out western blotting of TLX and GAPDH using rabbit anti-TLX antibody (1:1,000) and rabbit anti-GAPDH antibody (Santa Cruz, 1:1,000). We measured Renilla luciferase activity 48 h after transfection, normalized it with firefly luciferase or the b-galactosidase internal control and expressed it as relative luciferase activity.
Northern blotting of miRNAs. We extracted total RNA from tissues or cultured cells by Trizol. We separated 8 mg of RNA on a 10% polyacrylamide gel containing 8 M urea and transferred the RNA electrophoretically to nylon membranes. Membranes were cross-linked by UV irradiation and hybridized overnight with 32 P-labeled oligonucleotide probes. We quantified miRNA signals using Phosphor Imager (Molecular Dynamics). DNA probes for northern blotting include miR-9-antisense probe (as): 5¢-CAT ACA GCT AGA TAA CCA AAG A-3¢ and U6-as: 5¢-TAT GGA ACG CTT CTC GAA TT-3¢.
